Inelastic spin flip excitations associated with single-ion magnetic anisotropy of quantum spins, can be strongly renormalized by Kondo exchange coupling to the conduction electrons in the substrate, as shown recently for the case of Co adatoms on CuN2 islands. In this case differential conductance spectra show zero-bias anomalies due to a Kondo effect of the doubly degenerate ground state, and finite-bias step features due to spin flip excitations. Here I consider spin-1 quantum magnets with positive uniaxial anisotropy, where the ground state is non-degenerate and hence the Kondo effect does not take place. Nevertheless the renormalization of inelastic spin excitations due to exchange coupling by hybridization of the quantum spin with the conduction electrons still takes place despite the complete absence of the Kondo effect in the ground state. Additionally, I show that away from particle-hole symmetry, charge fluctuations have a similar effect to Kondo exchange coupling, leading to the renormalization of spin flip excitations. However, in contrast to the renormalization by Kondo exchange, charge fluctuations lead to asymmetric spectra, which for strong charge fluctuations can mimic Fano behavior.
I. INTRODUCTION
The interaction of a nanoscale quantum magnet, realized e.g. by single magnetic atoms or molecules deposited on substrates or coupled to conducting electrodes, with the environment can have a strong effect on its properties. On the one hand, the interaction with the conduction electrons of a nearby electrode can give rise to the Kondo effect, which leads to the screening of the magnetic moment of the quantum magnet (see e.g. the book by Hewson 1 and references therein). On the other hand the crystal field of the environment of a quantum magnet in conjunction with spin-orbit coupling (SOC) gives rise to magnetic anisotropy (MA), which generally leads to a stabilization of the magnetic moment of the nanoscale magnet.
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These two antagonistic effects can be observed by differential conductance spectroscopy in Scanning Tunneling Microscope (STM) experiments of magnetic adatoms and molecules deposited on conducting and insulating substrates, [3] [4] [5] [6] [7] and in molecular junctions: [8] [9] [10] [11] The Kondo effect, which leads to the formation of a sharp resonance in the electronic spectrum at the Fermi level, called the Abrikosov-Suhl or Kondo resonance, is signaled by a corresponding zero-bias anomaly in the dI/dV spectra. 3, 12, 13 Magnetic anisotropy on the other hand leads to spin flip excitations from the ground states, which are signaled by steps in the dI/dV -spectra at finite bias voltages corresponding to the excitation energies of the quantum magnet. 7, 14 Both effects, i.e. Kondo peak plus spin flip excitation steps in the dI/dV , have also been observed simultaneously in the same system, namely in Co adatoms on CuN islands. 15 On the other hand, sometimes the same molecule [iron(II) phthalocyanine (FePc)] can show the Kondo effect on one substrate [Au(111)] 16 and spin flip excitations on another [oxidized Cu(110)] 17 . More recently, it has been shown experimentally and theoretically that the Kondo exchange coupling between a quantum spin and the conduction electrons in the substrate, also leads to the renormalization of spin excitation energies associated with the magnetic anisotropy of the quantum magnet. 18 Relatedly, very recently it has been found that by lifting a spin-1 molecule (FePc) from a Au surface, and thereby reducing the Kondo exchange coupling with the conduction electrons in the surface, the molecule makes a transition from a Kondo screened state, showing a zero-bias anomaly to an essentially unscreened state, showing inelastic spin flip excitations at finite bias.
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Here I show, that even in the complete absence of the Kondo effect, i.e. for an integer quantum spin where the degeneracy of the ground state is completely lifted by a positive uniaxial magnetic anisotropy, the exchange coupling to the conduction electrons still leads to the renormalization of the MA related spin flip excitations of the quantum magnet. To this end a multi-orbital Anderson model for the adatom coupled to the substrate and subject to magnetic anisotropy is solved within the one-crossing approximation (OCA). While the inelastic steps as well as the Kondo features can also be described using a Kondo Hamiltonian where the atomic spin is described with a single-ion quantized spin interacting, via exchange, with the conduction electrons of the surface, 14, 18, [20] [21] [22] [23] [24] [25] this approach permits to include atomic charge fluctuations that are effectively frozen in the Kondo model. This can be important since often charge is not quantized in magnetic adatom systems as density functional theory (DFT) calculations show.
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Indeed below I show that charge fluctuations have a similar effect on the electronic spectra and related dI/dV , leading to the renormalization of the spin flip excitations. But in contrast to the renormalization by exchange coupling, the spectra become increasingly asymmetric as the charge fluctuations grow. Interestingly, for very strong charge fluctuations this leads to features in the spectra that mimic Fano lineshapes usually associated with zerobias anomalies, such as the Kondo resonance. This paper is organized as follows: In Sec. II the model describing a quantum spin subject to magnetic anisotropy coupled to a conducting electrode is introduced. In Sec. III results for an S = 1 quantum spin with positive uniaxial MA are presented. Additionally also the effect of charge fluctuations for a S = 3/2 quantum spin is shown. Sec. IV I conclude with a general discussion of the results.
II. MODEL AND METHOD
Let us consider tunneling between an STM tip and a magnetic adatom coupled to a surface as shown in Fig. 1(a) . Assuming weak coupling to the STM tip, the low-bias conductance can be directly related to the adatom many-body spectral function ρ α (ω):
where Γ tip α = π|V tip α | 2 ρ tip is the (weak) tunneling rate of electrons between the adatom orbitals α and the STM tip, and it is assumed the DOS of the STM tip ρ tip is energy independent around the Fermi level. Note however, that in general different orbitals couple differently to the STM tip so that the contribution of the individual channels to the total conductance may differ. Direct tunneling into surface states is neglected in eq. (1). This is a good approximation when the magnetic atoms are separated from the metallic surface by a decoupling insulating layer, such as Cu 2 N/Cu(100), 7, 15, 18 CuO/Cu 17 and h-BN/Rh(111) 29 . This approximation does not capture the Fano interference effect relevant 3 when the tip-atom channel interferes with the direct tip-surface tunneling path. 13 In this case a more complex modeling of the tunneling process would be necessary.
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The magnetic atom on the surface is described by a multi-orbital Anderson model,
where the Hamiltonian of the Anderson impurity site H imp describes the strongly interacting 3d-levels that yield the spin of the magnetic atom, and includes a term that accounts for magnetic anisotropy:
d are the single-particle energies of the d-levels,N d = α,σn ασ is the number operator for all d-levels α = 1, . . . , M ,n ασ = d † ασ d ασ is the number operator of an individual d-level α with spin σ, U is the intra-orbital, U the inter-orbital Coulomb repulsion, J H the Hund's coupling, and S α measures the total spin of an individual
The crystal field splitting of the d-levels together with the spin-orbit coupling (SOC) gives rise 36 to magnetic anisotropy (MA) which is taken into account by the effective spin Hamiltonian given by the last term of (3) where D is the uniaxial anisotropy and E the in-plane anisotropy.
2 For a ground state (GS) with integer spin S, and for finite uniaxial anisotropy D = 0 and in-plane anisotropy E = 0, the (2S +1) degeneracy of the GS multiplet is completely lifted 7, 36 , as illustrated for S = 1 in Fig. 1(b) . For D > 0 the |m z = 0 state becomes the GS and the |m z = ±1 states an excited doublet. A finite in-plane anisotropy E > 0 allows for quantum tunneling between both spin directions thus lifting the degeneracy of the excited doublet, which becomes split by 2E, leading to the bare excitation energies ∆ 0 = D − E and ∆ 1 = D +E. The quantum states of the split doublet are thus linear combinations |χ ± ∼ |m z = +1 ±|m z = −1 .
In contrast, for half-integer spin the degeneracy of the GS multiplet is never completely lifted by the magnetic anisotropy, as illustrated in Fig. 1(c) for S = 3/2. For D > 0 and E = 0 the GS quadruplet splits into two doublets, with the states |m z = ±1/2 forming the GS and the |m z = ±3/2 states forming the excited doublet. A finite in-plane anisotropy E leads to the mixing of states of the GS doublet and excited doublet, but the double degeneracy of the GS and excited state is conserved.
The second term in (2) describes the conduction electron bath in the surface:
The third term in (2) is the so-called hybridization term which describes the coupling between the impurity and the conduction electron bath:
Integrating out the bath degrees of freedom one obtains the so-called hybridization function:
Its (negative) imaginary part Γ α (ω) = −Im ∆ hyb α (ω) describes the single-particle broadening of individual impurity levels α due to the coupling to the conduction electrons.
The Anderson model (2) is then solved within the one-crossing approximation (OCA) [37] [38] [39] , as described in more detail previous work. 40 OCA consists in a diagrammatic expansion of the propagators G n (ω) associated can give rise to the Kondo feature (blue) in the differential conductance G(V ) spectrum (bottom) while the spin excitation to the χ with the many-body eigenstates |n of the isolated impurity Hamiltonian (3) in terms of the hybridization function ∆ hyb α (ω), summing only a subset of diagrams (only those where conduction electron lines cross at most once) to infinite order. The spectral function ρ α (ω) entering equation (1) for the dI/dV is then obtained from convolutions of the propagators G n (ω).
III. RESULTS
In order to model a spin-1 adatom or molecule coupled to conducting electrodes, the two-orbital Anderson model at and around half-filling (N d = 2) is now studied. The Hund's rule coupling J H then leads to an S = 1 ground state for the isolated impurity H imp that is split by the magnetic anisotropy term in (3) with positive uniaxial anisotropy D > 0 into the GS singlet |m z = 0 and the two excited states |χ ± . Furthermore the hybridization function is assumed to be constant and equal for both orbitals, ∆ α = −iΓ. To achieve exactly the half-filled (i.e. the ph symmetric) case, the impurity levels have to be tuned to the energy *
where N d is the number of electrons. For all cases the same interaction parameters, U = 3.5eV, U = 2.5eV, and J H = 0.5eV, are considered which leads to *
at half-filling (N d = 2). In Fig. 2 spectra for a spin S = 1 adatom or molecule with positive uniaxial anisotropy D > 0 are shown. Fig. 2(a) shows how the uniaxial anisotropy D splits the Kondo peak of the spin-1 Kondo effect at D = 0. Analogously to the splitting of the Kondo peak for the spin-1/2 Kondo effect in a magnetic field, the split Kondo peak for small values of D gradually develops into two step features (one for each direction of energy) for larger values of D. These steps correspond to spin excitations from the m z = 0 GS to the excited doublet m z = ±1. Such spectra have recently been measured in STM experiments of spin-1 molecules, namely Fe porphyrins on Au 41, 42 or nickelocene on Cu 43 . Note that in contrast to the case of a spin-1 quantum magnets with negative uniaxial anisotropy, D < 0, 40 a Kondo peak at zero energy is absent now from the spectrum, due to the lack of GS degeneracy. Also note that the simpler noncrossing approximation (NCA) leads to a spurious Kondo-like artifact in the spectrum in this case. Apparently, the vertex corrections present in the OCA approach remedy this problem of the NCA approach (see Appendix A). As can be seen in Fig. 2(b) , the introduction of in-plane anisotropy E, leads to the appearance of two new step features in the spectrum, one for each direction of energy, due to the splitting of the excited doublet m z = ±1, which lead to different excitation energies ∆ 0 and ∆ 1 from the GS to the two now split excited spin states, as shown schematically in Fig. 1 . This double step structure has been observed in the dI/dV spectra of numerous spin-1 quantum magnets such as FePc on oxidized Cu(110), 17 or hydrogenated Fe atoms on hexagonal boron nitride.
29
Next the temperature dependence of the spectra in Fig. 3 is investigated, specifically the temperature evolution for two cases: (a) for very weak uniaxial anisotropy (D = 0.1meV and E = 0) and relatively strong hybridization (Γ/π = 150meV), and (b) strong uniaxial and in-plane anisotropy and relatively weak hybridization (Γ/π = 50meV). First, in the case of very weak uniaxial MA [ Fig. 3(a) ] upon lowering the temperature a Kondo resonance forms at the Fermi level, associated with a spin-1 Kondo effect, fully screened by the conduction electrons (there are two screening channels). Interestingly, even for this very weak anisotropy of D = 0.1meV the Kondo peak eventually splits at low enough temperatures, even though the Kondo scale for the spin-1 Kondo effect, kT K ∼ 2meV (estimated from the half-width of the Kondo peak in the absence of anisotropy) is now considerably larger than the D. Naïvely, one would expect the is always reinforced at lower energies (i.e. low frequencies ω and low temperatures T ). Hence for integer spins and D > 0 in the limit T → 0 the spectral density always acquires a dip around the Fermi level. In Fig. 3(b) the temperature dependence for a spin-1 system with both appreciable uniaxial and inplane MA is shown. Now on lowering the temperature a dip forms at first instead of the Kondo peak. On further decrease of the temperature the dip develops into the well known step features associated with inelastic spin flip excitations. Simultaneously, an "up bending" of the spectral density around the step features occurs when the temperature is lowered, giving rise to the familiar triangular shapes of the step features well known from STM spectroscopy of magnetic adatoms and molecules. Let us now study the effect of the exchange coupling with the conduction electrons on the spin excitations. According to Schrieffer-Wolff 45 the Kondo exchange cou- pling J K of an impurity spin is directly proportional to the hybridization Γ of the impurity with the conduction electrons, J K ∼ Γ/∆U where ∆U is the charging energy of the impurity shell. Fig. 4(a) shows how the low energy spectra change as the hybridization with the conduction electrons Γ increases, where the uniaxial anisotropy was chosen to model that of FePc molecules in the gas phase, D ∼ 8.7meV, but with finite inplane anisotropy, E = 3meV to account for symmetry breaking on the substrate. 17 One can see that the effect of increasing the coupling to the conduction electrons is quite strong. As Γ increases, the step features become broader due to the broadening of the electronic levels by the coupling to the conduction electrons, and importantly move towards the center, i.e. to lower energies, signaling the renormalization of the corresponding spin flip excitations by the exchange coupling with the conduction electrons. Fig. 4(b) shows how the effective excitation energies Γ, and correspondingly the Kondo exchange, increases. Note that even for very large Γ, the Kondo exchange does not overcome the magnetic anisotropy, due to the above discussed reinforcement of the magnetic anisotropy at lower energies according to the scaling arguments and NRG results ofŽitko et al. 20 Also note that for strong hybridization, Γ/π ≥ 200meV, the inner and outer inelastic steps become close in energy and thus are not resolved at the temperature considered in Fig. 4(a) . Lowering the temperature, the individual steps can be resolved (not shown), similar to the case shown in Fig. 3(b) , although the steps are much less pronounced now.
Let us now study the effect of valence fluctuations on the spectra and spin excitations of a spin-1 quantum magnet. Detuning of the impurity levels away from ex-act ph symmetry (i.e. half-filling), d = * d + δ , leads to the impurity valence fluctuating between N = 2 and N + 1 = 3 electrons (for δ < 0). Accordingly, the charge of the impurity shell takes a fractional value between N and N + 1:
(8) Fig. 5(a) shows the effect of detuning from exact ph symmetry on the spectrum of an S = 1 quantum spin with both uniaxial and in-plane MA (same as in Fig. 4 ). Similar to the effect of increasing hybridization (Fig. 4) , the step features move to lower energies, as the detuning |δ | and thus the concomitant valence fluctuations grow [see blue curve showing impurity charge N d in Fig. 5(b) ], indicating a renormalization of the associated spin excitation energies by the valence fluctuations. But in contrast to the renormalization by Kondo exchange the spectra become increasingly asymmetric as |δ | increases, due to the lifting of the ph symmetry. Note that asymmetric dI/dV spectra are often observed experimentally.
41,42
The increasing asymmetry culminates in the formation of a Fano-like lineshape for strong detuning from ph symmetry (δ ∼ 1.8eV). Fano lineshapes are often observed in STM spectroscopy of magnetic impurities on conducting substrates, where it is usually accepted as a fingerprint for the Kondo effect resulting from quantum interference of different tunneling paths from the tip to the substrate, one(s) going through impurity orbital(s) bearing a Kondo peak, and others through orbitals without, i.e. simply broadened by the substrate, or going directly into the substrate. 32 Here in contrast, the Fano-like feature in the spectral function emerges due to the combined effect of strong ph asymmetry of the spectrum and the two spin flip steps moving to lower energies. Hence a Fano lineshape measured by STM spectroscopy of magnetic atoms or molecules on conducting substrates does not necessarily indicate the occurrence of the Kondo effect. Fig. 5(b) shows the effective spin excitation energies ∆ 0 and∆ 1 as well as the impurity charge N d as a function of the detuning δ . Clearly, the decrease of∆ 0 and ∆ 1 as |δ | grows, is linked to the corresponding growth of valence fluctuations, indicated by the increasing deviation of N d from integer occupation of the impurity shell. Part of the reduction of∆ 0 and∆ 1 actually stems from the reduction of the spin of the impurity shell due to the deviation from half-filling, according to
leading to a corresponding reduction in the spin excitation energies, according to
where α is determined by (8) and the actual charge of the impurity shell N d . The dashed lines in Fig. 5 show the reduction of the spin excitation energies due to the reduction of the spin alone, according to (10) . It can be seen that only for small deviations from ph symmetry, and thus for weak valence fluctuations, does the reduction of the effective spin due to charge fluctuations account for the reduction in the spin excitation energies entirely. For larger deviations and stronger valence fluctuations, the reduction of the spin only accounts for part of the reduction in the spin excitation energies. The other part must then originate from the renormalization due to quantum fluctuations of the charge of the impurity shell, similar to the renormalization of the spin excitation energies by quantum fluctuations of the spin by the Kondo exchange coupling.
Finally, let us revisit the case of an S = 3/2 quantum magnet with positive uniaxial anisotropy D > 0 coupled to a conduction electron bath. This models the situation of Co adatoms deposited on large CuN 2 islands for which the renormalization of single-ion magnetic anisotropy by Kondo exchange was described first 18 . This can be modelled by a three-orbital Anderson model at and around half-filling, so that the Hund's rule coupling leads to a spin-3/2 GS for the isolated impurity. The MA term in (3) with D > 0 then splits the GS quadruplet into two doublets as illustrated in Fig. 1(c) . Assuming the same interaction parameters as for the spin-1 case above (U = 3.5eV, U = 2.5eV and J H = 0.5eV), in order to achieve exactly the half-filled (i.e. ph symmetric) case, the energies d of the three degenerate impurity levels have to be tuned to * d = −6.25eV according to (7) with the number of electrons N = 3 now. Also in the case of the spin-3/2 quantum magnet valence fluctuations induced by detuning of the impurity levels from ph symmetry lead to the renormalization of the spin excitation energies, as can be seen in Fig. 6 . At the same time the Kondo peak grows and becomes increasingly asymmetric. Generally the spectra become more asymmetric due to the lifting of the ph symmetry, although the asymmetric character is somewhat less pronounced than in the case of the spin-1 quantum magnet. As can be seen from the inset of Fig. 6 , the induced total charge fluctuations, measured by the deviation of the total impurity shell occupancy from ph symmetry, δN d = N d − N = α, are of the same order as for the spin-1 case (Fig. 5) . However, due to the larger number of orbitals for the spin-3/2 model, the charge fluctuations per orbital are smaller by a factor of 2/3, explaining the somewhat weaker breaking of ph symmetry here.
For Co atoms on large CuN islands, in addition to the already described Kondo exchange coupling to the conduction electrons also charge fluctuations might contribute to the observed shift of the spin excitation steps to lower energies and the concomitant growth of the Kondo peak, when the Co adsorption site moves closer to the border of the island.
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IV. CONCLUSIONS
To conclude, the Kondo exchange coupling of a quantum spin to the conduction electrons in the substrate leads to the renormalization of the spin excitation energies associated with MA, even in the complete absence of the Kondo effect. This is relevant for example, for integer spin quantum magnets with positive uniaxial MA where the Kondo effect cannot take place due to the lack of GS degeneracy. This effect has recently been observed for an FePc molecule deposited on a Au substrate:
19 the Kondo peak at zero bias, observed in the dI/dV in tunneling regime, develops into two step features situated symmetrically around zero at positive and negative finite bias, typical for the spin excitations associated with the MA of a spin-1 quantum magnet, when the molecule is lifted from the substrate using the STM tip, thus reducing the Kondo exchange coupling of the spin carrying orbitals of the Fe center with the conduction electrons. These findings highlight once more 18, 19, 24 that inelastic spin flip excitations and Kondo effect are really two sides of the same coin.
A second important finding is that similar to the renormalization by Kondo exchange, also charge fluctuations, induced by detuning of the impurity shell away from integer occupancy, lead to the renormalization of the spin excitation energies, both in the absence and in the presence of the Kondo effect. In the regime of very strong charge fluctuations, the combined effect of breaking the ph symmetry plus the spin excitation steps moving to lower energies may lead to a Fano-like feature in the spectral function and corresponding dI/dV spectra, for a spin-1 quantum magnet with positive uniaxial anisotropy i.e. in the complete absence of the Kondo effect. Hence Fano-like lineshapes, which are usually taken as evidence for the Kondo effect in STM spectroscopy of magnetic adatoms and molecules on conducting substrates, should always be taken with a grain of salt. With respect to the case of Co on CuN islands, 18 which can be modeled by spin-3/2 impurities subject to positive uniaxial anisotropy, also renormalization by charge fluctuations instead of or in addition to the proposed mechanism of renormalization by Kondo exchange could explain the observed reduction of spin excitation energies (and concomitant growth of the Kondo peak) for Co adsorption sites closer to the border of the CuN island. Fig. 7(a) shows the spectra of a spin-1 quantum magnet for the same parameters as those calculated by OCA shown in Fig. 3(b) for different temperatures, but now calculated within the simpler Non-Crossing Approximation (NCA), only including diagrams where conduction elctron lines are not allowed to cross. For comparison also the corresponding OCA spectrum for the lowest temperature is shown. Note that within OCA the spin flip steps are higher by a factor ∼2.5 compared to NCA. Thus for better visibility the OCA spectrum has been scaled by a factor of 0.4.
Overall the spectra and their temperature evolution are quite similar for both approximations. However, NCA gives rise to a Kondo-like peak artifact in the spectrum at low temperatures, which is absent in the spectrum obtained within the more sophisticated OCA. Apparently the vertex corrections over the NCA bubble diagram present in the OCA by taking into account the crossing diagrams remedy this problem of the NCA. On the other hand a small dip-like feature appears around the Fermi level for low temperatures in the OCA spectrum, as can be seen in Fig. 3(b) , which might be an artifact of that approximation. Also note that the "upbending" of the inner spin flip steps at low temperatures is much less pronounced within OCA than within NCA, but comparable for the outer spin flip steps. On the other hand the renormalization of the spin flip steps is somewhat stronger within OCA.
As can be seen from as a function of the hybridization Γ, NCA generally underestimates the renormalization of spin flip excitations as compared to OCA. We can also see that although NCA also predicts a red shift of the spin flip excitations due to Kondo exchange coupling, the behavior of the renormalization as a function of the hybridization is qualitatively different for both levels of approximation: While the red shift of the spin flip excitation energies ∆ 0 and ∆ 1 as a function of Γ follows a linear behavior within NCA, it is of approximately quadratic form within OCA for small to intermediate hybridization strengths, becoming asymptotically constant for larger values of Γ. Hence overall NCA is capable of qualitatively reproducing the OCA spectra (with the exception of the Kondo artifact), but disagrees on the quantitative level with OCA. As one might expect for approximations based on the expansion around the atomic limit, the quantitative disagreement becomes worse with increasing hybridization strength.
